The theoretical and observational evidence for and against an impulsively heated thermal bremsstrahlung source of solar hard X-ray bursts is briefly reviewed. In particular, it is noted that in a collision-dominated plasma of any reasonable density the collisional relaxation time would be much longer, and the conductive cooling time much shorter, than typical burst durations (cf. Kahler).
I. INTRODUCTION
The nature of impulsive hard X-ray bursts (> 10 keV) from solar flares has been intensively studied recently (e.g., reviews by Brown 1975 ) for a number of reasons, not least because the emitting electrons appear to carry a substantial fraction of the total energy in many flares (e.g., Lin and Hudson 1971; Kane 1974; Hoyng, Brown, and van Beek, hereafter HBvB, 1976) . These large electron fluxes are inferred on the assumption that bursts originate by bremsstrahlung of nonthermal electrons in a cooler plasma as they thermalize, simultaneously producing thermal flare emissions (e.g., Brown 1973; Lin and Hudson 1976) . However, recent work in this field casts doubt on this interpretation both theoretically and observationally: (i) The total number and energy of electrons required by a nonthermal thick-target model demand an extremely efficient acceleration * On leave from Department of Astronomy, University of Glasgow, Scotland.
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process and present problems for the stability of the electron stream itself (e.g., Smith 1975; Melrose and Brown 1976; HBvB; Hoyng, Knight, and Spicer 1978, hereafter HKS; Brown and Melrose 1977; Colgate 1978) . (ii) The thermal emissions showing closest synchronism with hard X-ray burst spikes are the optical flashes (Zirin and Tanaka 1973) and impulsive EUV bursts (Donnelly and Kane 1978) . Recent modeling of the heating of these two atmospheric regimes by electrons (Brown, Canfield, and Robertson 1978; Emslie, Brown, and Donnelly 1978) shows that the observations only require an incident electron flux less than ~ 10% of that required to produce the hard X-rays in a thick-target interpretation. This discrepancy is too large to be explained by magnetic trapping of electrons in the corona (Melrose and Brown 1976) . (iii) Interplanetary electrons are always less numerous than those inferred at the Sun for a thick-target hard X-ray source model by about two orders of magnitude (Lin 1974) . This may be, and usually is, empirically attributed to a low electron escape probability. However, our point here is that neither these observations nor those of optical and UV flashes quantitatively substantiate the thick-target PRODUCTION OF COLLISIONLESS CONDUCTION FRONT 593 model for the bulk of hard X-ray emission. (We defer discussion of the synchronous microwave burst to § III.) Furthermore, these observational and theoretical problems of nonthermal models are worsened for all but the smallest events when the importance of reverse-current Ohmic losses is recognized (Emslie and Brown 1979; cf. Knight and Sturrock 1977; HKS; Spicer, Tidman, and Hubbard 1978) . In fact, the above-mentioned data are perfectly compatible with a hard X-ray source involving at least one order of magnitude fewer electrons, which would be more acceptable in terms of theoretical consideration (i). Since no nonthermal bremsstrahlung hard X-ray source can be more efficient than a thick target (Brown 1975; HBvB; Brown and Melrose 1977) , the only alternative candidate mechanism is thermal bremsstrahlung. While a thermal hard X-ray source has been proposed before (Chubb 1971 ; , it has not been generally recognized that thermal bremsstrahlung can be a more efficient source of X-rays than nonthermal bremsstrahlung since the emitting electrons have a relaxed energy distribution (Maxwellian in a collision-dominated situation). Thus in a nonthermal source the energetic electrons lose their energy primarily in collisions with ambient electrons, while in a confined thermal source the only losses are the bremsstrahlung radiation loss itself and the collisional loss to ions if these have a lower temperature than the electrons. The latter two loss rates are, respectively, about four and two orders of magnitude lower than for energy exchange between fast and ambient electrons (e.g., Spitzer 1963) . Previous suggestions of a thermal hard X-ray source have, however, met with a number of objections (see review by Kahler 1975 ): a) The hard X-ray spectrum usually fits a powerlaw electron spectrum better than it fits a Maxwellian (e.g., Kane 1974), although not always . tí) At the high temperatures (> 10 8 K) needed, the collisional mean free paths are so long that the source electrons cannot be collisionally relaxed for reasonable source size and density (Kahler 1971a, è) .
c) The limit of efficiency of an unconfined thermal bremsstrahlung source is not set in practice by the value of collisional energy losses but, rather, by the rapid conductive and convective cooling resulting from the high-temperature and pressure gradients present (Kahler 1971a , b\ Brown 1974 .
In response to these difficulties: (a) It has been shown by Chubb (1971) , , Davis and Rogerson (1977) , and that a source with even a moderate degree of nonisothermality cannot be distinguished spectrally from a nonthermal source; (b) relaxation of the electron distribution may be achieved by noncollisional (i.e., collective) processes (cf. Mätzler et al 1978) so that the collisional mean free path may not be relevant here and the relaxed distribution need not be Maxwellian (cf. also objection [a]); (c) cooling by conduction might be inhibited by turbulent conductivity in the plasma Spicer 1977d ).
These points have thus far been made essentially on an empirical basis. In this paper we investigate their role in a thermal hard X-ray model in a more self-consistent way. In particular, we show that a collisionless (ion-sound) turbulent conduction front will be established as a natural consequence of impulsive heating of the plasma and we analyze its role in governing the cooling of the region. Our main aim is to establish the occurrence and importance of this phenomenon as an answer to objections (a)-(c) rather than to develop a detailed thermal model at this stage. In § III, however, we briefly discuss some observational aspects of our analysis in relation to the other impulsive flare phenomena mentioned above.
II. FORMATION OF A COLLISIONLESS CONDUCTION FRONT
For simplicity, we consider the rapid heating of a plasma which is restricted to movement in one dimension by a sufficiently strong magnetic field, but our general conclusions will apply in any geometry. In addition, we assume for the moment that the flare heating occurs impulsively, without specifying any mechanism. We return to these two points briefly in § III. The heated region is taken to have initial length L cm; to have cross section A cm 2 ; and to be heated from "cold" to an electron temperature T 0 , the ions remaining initially cold. As we will show shortly, the initial evolution occurs in a time much shorter than the hydrodynamic time scale so that the density n e cm~3 of the region can be taken as constant.
At the temperatures required for hard X-ray bursts (T 0 ä 10 8 -10 9 K) and with any reasonable n e , the collisional mean free path will much exceed L (Kahler 1971a, ô) . In these circumstances cooling of the electrons is not governed by the normal diffusive conduction process but, rather, by free streaming of the hot electrons. That is, the heat flux approaches its limiting value ~« e ra e £/ e 3 , where U e is the electron thermal velocity. However, the anisotropy of the expanding electron distribution may generate instabilities in the plasma which further restrict the heat flux, as we now discuss (cf. Bickerton 1973) . In particular, as the expansion proceeds, the drift velocity of the induced neutralizing reverse-current electrons will exceed the ion-sound velocity U s = (kßTelmi) 112 in the plasma and so ion-sound waves will be generated (k ß is Boltzmann's constant). For a discussion of reverse currents in the context of nonthermal electron streams, see Melrose 1974; Brown and Melrose 1977; HBvB; HKS;  and in the context of heat conduction, Spicer 1977d.) Rapid isotropization of these ion-sound waves will occur by scattering on the ambient particles, and the resulting ion-sound turbulence will in turn scatter the free-streaming electrons, thus limiting the heat flux. We now consider the limiting heat flux reached under these conditions. Qualitatively, the situation may be regarded as the quasi-steady propagation of energy from the hot region into the cold plasma by a collisionless conduction front. The hot electrons of the direct drift current lose energy by generation of ion-sound turbulence and 594 BROWN, MELROSE, AND SPICER Vol. 228 are scattered by it, diffusing through the front. Cold electrons of the reverse current are heated as they diffuse back through the front, by damping the ionsound waves. In the simplest terms, the front may thus be described quantitatively in terms of its thickness / and propagation speed U F , which we now estimate. The two important time scales associated with the ion-sound turbulence are the time scale r s for scattering the electrons and the time r H for heating them. Under the conditions described above, these quantities may be related to the characteristic damping time To for the ion-sound waves as follows (cf. Melrose and Stenhouse 1977) . For wave numbers k we find, taking kU s typically Ä COpe, The heating time r H for thermal electrons (JJ x U e ) is related to t 0 by energy conservation, viz.,
where W s is the ion-sound wave energy density. More generally, for electrons of velocity U in the distribution, the energy exchange time r E may be found from the diffusion coefficients as discussed by, for example, Melrose and Stenhouse (1977) :
[so that t h x t e (U = U e ) = r £ *, say]. Likewise, the scattering time for a general electron is found to be and setting Ô MS ae g AN from equations (7) and (8) 
where we have utilized equation (6). In general, the thickness of the front / will satisfy / < /ms .
The front velocity U F can be obtained by considering the heat conduction as a diffusion process characterized by a diffusion coefficient D= U e 2 r s (11) such that U F = U 2 t s I1 9 (12) which, using marginal stability condition (9) and also equation (6), gives (m U e = U s .
To obtain an actual value for / from equations (9) and (10), we need to know the value of t h or r s *, which depends on the level of ion-sound turbulence present. An estimate may be made from the simulation results of Lampe et al. (1972) , who found r s * ae (milme) 112 «)^1 after ion trapping had caused saturation of the ion-sound waves. These numerical experiments imply W s ln e k ß T e ae m e lm i9 which gives, via equations (1) and (5), r s * = (milrrie) 112^'1 so that by equations (6), (9), and (10) / < A r ttlj ' m e (14) so that for thermal electrons (U x U e ) in particular consequently, t s and t h for thermal electrons are related by equations (5) and (2) :
To estimate / and U F , we assume that the anomalous heat flux g A N is near its marginally stable value Q MS9 which implies that we have a steady state as noted earlier. Then, as shown by Spicer (1977(7) , Qus X n e m e U e 2 U s 9
where we have neglected the quantity/ = (mi/me) 112 x (Te/Ti) 312 exp ( -37^/27^) compared to unity under the condition T e » 7y(in fact, T e > 57^) already assumed. We see then that the collisionless heat front is characterized by propagation near the ion-sound speed and by a very small thickness. Even for T 0 ae 10 9 K, n e ä 10 9 cm" 3 , and thus # 6.9 cm, the front is only 0.13 thick, consistent with the thickness of a collisionless shock (Tidman and Krall 1971) . When this is compared with the electron mean free path for Coulomb collisions, viz., 5 x 10 4 (r e /10 8 ) 2 x (10 10 /« e ) km, it is clear that collisional scattering plays no role in determining the heat flux or structure of the conduction front (as we have assumed). This small front thickness also means that the hot kernel which it bounds is sharply isolated from its surroundings, a fact which should be observable either spatially or spectrally.
The time scale r cool in which propagation of the turbulent conduction front will cool the hot region is clearly ^ nJcgT^L ^ ¿ L " 0001 ~ n e U s k ß T 0 ~ U s~ \m e J (.k e T 0 lm e ) (Kahler 1971Ô) . This vindicates speculation on the prolongation of thermal hard X-ray bursts by an anomalous thermal conductivity (cf. § I) and indeed shows that the appearance of turbulence is an automatic consequence of the impulsive heating itself (provided TJTi is large enough). Since radiative cooling is negligible except at very high densities, the only other cooling process of importance is convection (i.e., expansion of the heated region). This will occur on a time scale ~LIUi which is much greater than Tcooi so long as the ions remain cold. Thus we are justified in neglecting hydrodynamic effects in our treatment of the initial cooling of a heated region. We recognize, however, that these must be considered in a more elaborate treatment (Smith and Lilliequist 1978) . We find, however, that our analytic estimates of an initial cooling rate and front thickness agree well with the computation of Smith and Lilliequist (1978) and also with a self-similar treatment of the anomalous conduction problem based on the work of Zel'dovich and Raizer (1967) (cf. Shapiro and Moore 1977) . The above comparison of / with the collisional mean free path shows that it is indeed possible (cf. § I) for the hot electrons to obtain a relaxed distribution, via interaction with ion-sound waves, without any need for extremely high densities (cf. speculation to this effect by . Thus far we have discussed the electron distribution in terms of a local temperature, but the distribution need not be Maxwellian (although laboratory experience suggests that it will be nearly so [Fowler 1968] ). The only essential feature of the process described here is the drift current created by expansion of the rapidly heated electron gas, so the above analysis would apply for a non-Maxwellian plasma with k ß T replaced by some mean energy. Investigation of the actual relaxed distribution function that is achieved is beyond the scope of this paper. However, we note that at sufficiently high energies the distribution will cease to be relaxed, because of the decline of the scattering rate with energy.
The time taken for an electron of velocity U to diffuse across the turbulent front described here will be, by equations (4) and (5) 
where we have used equations (4), (5), and (6). Those electrons may escape, through the turbulent front, which undergo less than one scattering in traversing it, that is, those electrons satisfying
In a Maxwellian distribution electrons satisfying condition (18) represent some 1% of the total by number and some 16% by energy. However, the behavior of the tail of the distribution will not be merely a matter of immediate escape through the front as this would imply; it will involve other processes, for example, beam stabilization mechanisms if the tail forms a beam.
in. DISCUSSION
While our main aim has been to establish the phenomenon of heat flux limitation by plasma turbulence and its potential importance in solar hard X-ray bursts, we comment briefly here on the process in the wider context of flare observations and theory.
(Clearly all facets of the impulsive thermal model will have to be investigated quantitatively as has already been done for nonthermal models.)
Thus far we have made no assumptions about the mechanism of electron heating other than that it occurs on a time scale shorter than the electron-ion exchange time so that the initial response is electron outflow rather than hydrodynamic expansion. We emphasize, however, that what is required in the thermal models is to energize electrons up to 10-100 keV with a near-random velocity distribution (i.e., heating to T x 10 8 -10 9 K), whereas in nonthermal models the same energizing occurs with anisotropic velocities (i.e., acceleration). The difference between the two models with respect to individual energies is thus more a matter of degree than of kind, neither process presenting fundamental problems since it has long been known that potential drops far in excess of 10 5 V must appear in flare field dissipation (e.g., Sweet 1969) . The crucial difference lies in the number of electrons to be energized, and hence in the efficiency of the process. As we emphasized in § I, this efficiency (i.e., the fraction of total electron energy which emerges as hard X-rays) depends on the energy exchange time among all the electrons present, in particular, whether they constitute a thermal (relaxed) distribution or a fast component in a cool background.
As described, however, the process would produce only a single spike of emission in the hard X-ray burst time profile. If the heating process were by tearing modes and associated nonlinear phenomena in a sheared magnetic field (e.g., "arch") geometry (Spicer 1976 (Spicer , 1911b , a highly likely possibility, more complex events would be produced by superposition of the heating of the many reconnecting islands which may be present. (Such a superposition of elementary events has been proposed empirically by van Beek, de Feiter, and de Jager 1974 and An estimate of the parameters required in our analysis for production of a typical single X-ray spike can be made from the observations of Crannell et al.
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n e 2 LA ä 4 x 10 44 cm" 3 ,
T cool x LIU s x 5s. 
So far, n e has been left as a free parameter since it is usually not directly measurable. We note, however, that the ratio of electron numbers required to produce a hard X-ray burst with parameters (19)- (21) by thermal emission and by nonthermal thick-target emission is about (cf. HBvB) 2 x 10 9 /« e (cm" 3 ) so that the relative efficiency of the thermal source rises with density (cf. Smith and Lilliequist 1978) . In practice, n e is limited by compatibility with other data. Specifically, since about 1% of the thick-target source electron number is observed directly in space, we must have n e < 2 x 10 11 cm -3 in order for enough electrons to be available. A value of n e # 10 11 cm -3 would imply sufficient energy among the thermal electrons to heat optical and UV chromospheric flashes. (However, the ability of a high-velocity conduction front to perform the necessary heating on impact with these cool regions remains to be fully investigated.) Finally, this density is also comparable to the best estimates for soft X-ray flare kernels (cf. Brown and Nakagawa 1978) and leads to source dimensions ~ 10 8 km 3 and field strengths ~ 300 gauss, which are consistent with Spicer's (1976 Spicer's ( , 1977c flare model.
The only observation which apparently directly contradicts our proposed small thermal hard X-ray source is the flux and inferred source size of the synchronous microwave burst. and have discussed microwave emission from a high-temperature thermal source of hard X-rays (adiabatically heated and cooled in their case) and deduce a source density ~ 10 9 cm -3 and area ~ 10 8 km 2 . Since the microwave flux is proportional to this source area, our hard X-ray kernel would give a microwave flux too small by a factor of about 10 " 3 . We note, however, that in our model the higher-energy electrons diffuse rapidly from the original kernel and will produce microwaves in a larger volume of lower density-that is, the hard X-ray and microwave sources are contiguous and closely coupled but not identical. Indeed, Crannell et al. (1978) have proposed precisely such escape of higher-energy electrons to explain certain features of their data.
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